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Abstract 
Urban power distribution network reliability depends on the resource of 6 (10) kV cables, which are its longest element. In the 
context of long-term operation of the distribution network, it is necessary to know when the cable network must be renewed to 
avoid damage, with due account of network configurations and regimes. The relevance of retrospective analysis and developong 
forecast methods is pointed out in the reliability concepts of the electricity industry. A number of statistical models are known. 
However, the reliability indicators of their operation in the distribution network must be assessed comprenehsively to improve 
the functioning of the existing cable network, taking into account their conditions, network configuration, and relay protection 
circuits. A model based on the Monte-Carlo method has developed in the LabVIEW software environment so as to estimate the 
probability of no-failure operation of an urban area cable section, and/or to identify renovations required to reduce the failure 
rate. The model permits testing different combinations of the failure rate parameters, thus producing "rich" statistical material. 
Cable line failure rates and urban distribution network configurations are obtained via retrospective analysis. The developed 
model can be applied to such cable networks. 
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1. Introduction 
As the urban distribution networks develop, maintaining operational reliability and optimization of 6 (10) kV 
cable lines (CL) operation depending on the efficiency and resource conservation criteria becomes a challenge. Our 
case study of common urban networks schemes (of two cities) shows that the insulation conditions of CL have an 
impact on each other. This fact is due to the specific configuration of a distribution network and to the location of 
relay protection and automation devices that act on the head feeder circuit breakers (entire network connected to the 
switch 2, Fig. 1 (a)) [1,2]. An example of estimation of no-failure operation of a CL with impregnated paper 
insulation in the circuit of a distribution network feeder is shown in Fig. 1 (b). 
 
Fig. 1. (a) Example of a distribution network feeder section; (b) Estimation of no-failure operation of a CL in a 
feeder circuit. 
 
Existing standards of reliability assessment in the Russian Federation and the IEC mandate using several 
methods: those based on the reference data; according to the reliability of analogues; based on the materials’ 
properties data, available at the time of the calculation; that include forecasting methods; structural methods of 
calculation; physical methods (experiments) [3,4]. 
It should be noted that classical methods of calculation of reliability indicators of a feeder with many connected 
CL (analytical and table-logic method) are hardly applicable in most cases. The first method involves the 
construction of block diagrams consisting of n interconnected elements, each of which can be in two states – 
operation or failure. The disadvantage of this method is that cumbersome calculations are unavoidable every time 
the network configuration is changed (accidents, routine switching, etc.). The number of such configurations in a 
real network can be high. Table-logic method has similar drawbacks. Thus, these methods do not have the required 
flexibility when the network configuration is changed. This entails excessive use of computer resources. 
Regulatory documents allow the development of calculation methods of reliability indicators for certain objects 
(identified weak links) that solve various optimization problems, where the reliability indicators serve as objective 
functions, control parameters or boundary conditions. 
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Reliability of a CL in a distribution network, taking into account redundancy and relay protection, can be 
calculated by a program that takes into account the regulatory documents and retrospective analysis of CL operating 
data.  
Several models that estimate reliability and predict damage rate of a CL have already been proposed: statistical 
models; neural network based model; model using technocenosis approach; probabilistic and statistical approach [5-
16]. It is stated in [17] that preliminary cable line data acquisition is necessary for the CL insulation conditions 
assessment. Otherwise, the data may be misinterpreted. In [18] the existence of several dominant failure processes in 
cable networks is pointed out. So in addition to the partial discharge analysis, a dielectric analysis should be 
conducted to determine the actual conditions, taking into account the age of the CL. 
2. 2. Virtual model of damage and reliability assessment of a "6(10) kV cable line - distribution network 
diagram" unit 
For the probabilistic estimation of the damage caused by energy curtailment, of the probability of failure-free 
operation of the feeder consisting of several CL, as well as the estimation of the main reliability indicators (failure 
rate; mean time to repair, mean time to failure; total number of failures during CL lifetime, steady-state availability; 
forced outage rate) a model and a program was developed in LabVIEW software environment (S/N: M62X10849) 
(programming language G). The model provides ability to assess the damage and reliability of the unit "6(10) kV 
CL – distribution network diagram" using the Monte Carlo method and taking into account the analysis of the CL 
failure probability and the experiment planning theory. Figure 2 shows the program module that implements the 
algorithm for a section consisting of 3 CL. For a bigger number of CL in the network the structure of the program 
and basic modules are identical. 
The program consists of several interconnected modules: 
x Cable line parameters input module. The following historical operating data is entered: failure rate during 
three periods (early failure period, operational period, intensive aging period); average time of power supply 
interruption and damage caused by energy curtailment due to cable insulation breakdown. To account for the 
circuit connections, distribution network configuration and relay protections criteria are introduced. 
x Main calculation module. A random process is generated using Monte-Carlo method, based on historical 
data and taking into account reliability and possible damage caused by CL failure and the experiment 
planning theory. Elements from 12 to 20, Fig. 2, generate the random process. 
x Result output module. 
Fig. 2. Diagram of the reliability assessment program of a network section consisting of 3 CL. 
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3. Sample testing of the virtual model 
The program is used when the process is repeated to obtain a representative statistical data that can be analyzed, 
for example, using the experiment planning theory. 
Preliminary studies show that the feeder uptime and possible damage caused by energy curtailment depend 
nonlinearly on the failure rates of the feeder cable lines (determined by their age, length, operating conditions, 
insulation conditions) [15-16]. Therefore, according to the mathematical modeling theory, a second order regression 
equation should be used, and the experiments should be carried out according to the second order plan (Table 1), 
using a vector representation of variable factors (Fig. 3) [19-20]. 
 
 
 
Fig. 3. Vector representation of factors (failure probability of a CL). 
 
In a virtual experiment cable lines with failure probability (Q1, Q2, Q3) of 0.05; 0.5 and 0.95 were used. This 
was necessary to provide all possible combinations in the experiment matrix (Table 1) that corresponds to the 
selected second order plan, each experiment was repeated three times. The order of 45 experiments was randomized. 
Randomization is necessary for a uniform distribution of inaccuracy, it was carried out using a random number 
generator. Number of realization of experiments is presented in the 2nd column of the Table 1. The experimental 
results are also presented in Table 1. 
The following input data was used for the analysis of the circuit configuration shown in Fig. 1 (a): average 
statistical downtime 1.2 hours; damage from energy curtailment Y=1 c.u. per 1 kWh; number of experiments is 
equal to the number of hours in one year: 8760 hours. The failure probability parameters are those shown in Fig. 3, 
with the gradation required for the experiment matrix. It is assumed that the failure of one of CL causes immediate 
automatic tripping of the whole feeder. If the circuit configuration has redundancy, it is accepted that the breakdown 
of CL ʋ1 the feeder is disconnected during routine switching, breakdown of CL ʋ2 disconnects transformer 
substations TS 2 and 3, and breakdown of CL ʋ3 disconnects only transformer substation TS 3. 
 
Table 1. The matrix and virtual experiment results (for a circuit with 3 CL and no redundancy). 
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Y1 Y2 Y3 
Average value,  
Y  
1 17, 28, 7 0.05 -1 0.05 -1 0.05 -1 202 204 201 202 258 
2 3, 40, 32 0.95 1 0.05 -1 0.05 -1 2321 2312 2308 2314 2284 
3 31, 23, 14 0.05 -1 0.95 1 0.05 -1 1246 1240 1236 1241 1210 
4 8, 18, 43 0.95 1 0.95 1 0.05 -1 2371 2375 2374 2373 2429 
5 27, 12, 30 0.05 -1 0.05 -1 0.95 1 584 599 590 591 561 
6 24, 6, 37 0.95 1 0.05 -1 0.95 1 2347 2344 2332 2341 2397 
7 33, 2, 29 0.05 -1 0.95 1 0.95 1 1263 1257 1259 1260 1315 
8 42, 22, 16 0.95 1 0.95 1 0.95 1 2374 2378 2373 2375 2345 
9 26, 5, 38 0.05 -1 0.5 0 0.5 0 824 820 830 825 826 
10 13, 15, 21 0.95 1 0.5 0 0.5 0 2356 2353 2358 2356 2354 
11 36, 4, 19 0.5 0 0.05 -1 0.5 0 1355 1374 1376 1368 1367 
12 1, 34, 9 0.5 0 0.95 1 0.5 0 1810 1818 1816 1815 1816 
13 45, 10, 25 0.5 0 0.5 0 0.05 -1 1532 1526 1525 1528 1527 
14 20, 44, 35 0.5 0 0.5 0 0.95 1 1645 1627 1636 1636 1636 
15 11, 39, 41 0.5 0 0.5 0 0.5 0 1576 1598 1603 1592 1582 
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The coefficients of the regression equation were calculated using L-matrix that corresponds to the experiment 
matrix [20]. The second order regression equation Y = f (Q1, Q2, Q3), taking into account accounting the feeder 
configuration and relay protection with redundancy, is as follows: 
 
2
2
Q1 0.5 Q2 0.5 Q3 0.5 Q1 0.5 Q1 0.5 Q2 0.5
Y 1581.9 764 224.7 54.5 8.3 201.7
0.45 0.45 0.45 0.45 0.45 0.45
Q1 0.5 Q3 0.5 Q2 0.5 Q2 0.5 Q3 0.5 Q3 0.5
47.3 9.6 49.4 0.03
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Where, Y is the damage, Q1, Q2, Q3 is the probability of failure ɫable line 1, 2, 3. 
Table 2 shows an example of assessing the impact of the renovation of cable lines on the cable section failure 
probability. In Table 2 the probability of failure of three CL (QCLʋ1, QCLʋ2, QCLʋ3) is taken as a source of 
historical data, and the results of the calculation are the probability of failure of one (Q-1-CL), two (Q-2-CL) or 
three CL simultaneously (Q-3-CL), the probability of failure of the whole feeder (Q feeder) and damage (Y, c.u.). 
 
 
Table 2. An example of assessment of a virtual experiment results. 
 
The obtained results show that not accounting for the circuit configuration, relay protection and redundancy leads 
to errors in prediction of the probability of failure-free operation of the feeder. It can be noted that in the case of 
redundancy in the network the damage from energy curtailment is reduced most by replacing the CL ʋ1, despite the 
fact that it is not the oldest. Without redundancy, the CL ʋ2 must first be updated. Our analysis shows that in more 
complex schemes the renovation stage assessment is not always obvious. 
4. Conclusions 
An algorithm and a program are proposed for the evaluation of cable network section reliability, taking into 
account historical data. 
1   historical situation 2   historical situation (CL ʋ2  renovated) 
Configuration 
and 
redundancy 
taken into 
account 
QCLʋ1 QCLʋ2 QCLʋ3 Y, (c.u.) QCLʋ1 QCLʋ2 QCLʋ3 Y,  (c.u.) 
0.29 0.51 0.48 
1236 
0.29 0.01 0.48 878 
Q-1-CL Q-2-CL Q-3-CL Q-1-CL Q-2-CL Q-3-CL Effect, % 
0.43 0.32 0.07 0.49 0.14 0.001 29 
Configuration 
taken into 
account 
QCLʋ1 QCLʋ2 QCLʋ3 Y,  (c.u.) QCLʋ1 QCLʋ2 QCLʋ3 Y,  (c.u.) 
0.29 0.51 0.48 1987 0.29 0.01 0.48 1538 
Q feeder  Q feeder Effect, (%) 
0.82 0,63 23 
3   historical situation (CL ʋ3 renovated) 4   historical situation (CL ʋ1  renovated) 
Configuration 
and 
redundancy 
taken into 
account 
QCLʋ1 QCLʋ2 QCLʋ3 Y,  (c.u.) QCLʋ1 QCLʋ2 QCLʋ3 Y,  (c.u.) 
0.29 0.51 0.01 1161 0.01 0.51 0.48 752 
Q-1-CL Q-2-CL Q-3-CL Effect, (%) Q-1-CL Q-2-CL Q-3-CL Effect, (%) 
0.50 0.15 0.002 6 0.50 0.24 0.002 39 
Configuration 
taken into 
account 
QCLʋ1 QCLʋ2 QɋLʋ3 Y,  c.u. QCLʋ1 QCLʋ2 QCLʋ3 Y,  (c.u.) 
0.29 0.51 0.01 1600 0.01 0.51 0.48 1832 
Q feeder Effect, (%) Q feeder Effect, (%) 
0.66 20 0.75 8 
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The program allows carrying out various experiments and getting rich statistical data to assess the functional 
relationships of the probability of no-failure of a feeder that consists of several cable lines with different historical 
failure data. 
The dependencies of reliability indicators of a distribution network configuration, established as a result of virtual 
experiments, allows estimation of how much the cable network needs to be upgraded to reduce the possible damage. 
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